. Multiple pathways for cationic amino acid transport in rat thyroid epithelial cell line PC Cl3.
systems, as assessed by L-arginine uptake and kinetics, inhibition of L-arginine transport by N-ethylmaleimide and neutral amino acids, and L-cystine transport studies. y ϩ L and y ϩ systems account for the highest transport rate (with y ϩ L Ͼ y ϩ ) and b 0,ϩ for a residual fraction of the transport. Uptake data correlate to expression of the genes encoding for CAT-1, CAT-2B, 4F2hc, y ϩ LAT1, y ϩ LAT2, rBAT, and b 0,ϩ AT, an expression profile that is also shown by the rat thyroid gland. In PC Cl3 cells cationic amino acid uptake is under TSH and/or cAMP control (with transport increasing with increasing TSH concentration), and upregulation of CAT-1, CAT-2B, 4F2hc/y ϩ LAT1, and rBAT/b 0,ϩ AT occurs at the mRNA level under TSH stimulation. Our results provide the first description of an expression pattern of cationic amino acid transport systems in thyroid cells. Furthermore, we provide evidence that extracellular L-arginine is a crucial requirement for normal PC Cl3 cell growth and that long-term L-arginine deprivation negatively influences CAT-2B expression, as it correlates to reduction of CAT-2B mRNA levels. cationic amino acid transporters; heteromeric amino acid transporters; system y ϩ ; system y ϩ L; system b 0,ϩ ; thyrotropin; L-arginine IN MAMMALIAN CELLS, several carrier systems with distinct transport properties participate and/or cooperate in Na ϩ -independent (b ϩ , y ϩ , y ϩ L, and b 0,ϩ ) and Na ϩ -dependent (B 0,ϩ ) transport of cationic amino acids across the plasma membrane, thus contributing to regulation of cationic amino acid availability within the cells, nitric oxide synthesis, and many other cell functions (see, e.g., Ref. 47) . In recent years, the genes coding for most of the transport systems that mediate cellular transport of cationic amino acids in mammalian cells have been identified and characterized at the molecular level (Table 1 ; among many recent comprehensive reviews see Refs. 4, 6, 9, 13, 29, [42] [43] [44] . Na ϩ -independent transport of cationic amino acids is mediated by several members of the solute carrier 7 (SLC7) gene family. Among these, the cationic amino acid transporters (members of the CAT subfamily; SLC7A1/ CAT-1, SLC7A2/CAT-2A/2B, SLC7A3/CAT-3 and SLC7A4/ CAT-4) essentially carry L-arginine, L-lysine, and L-histidine, possess much lower affinity for other amino acids, and virtually function as uniporters (system y ϩ ). In addition, certain glycoprotein-associated amino acid transporters (light chains belonging to the gpaAT subfamily: SLC7A6/y ϩ LAT2, SLC7A7/y ϩ LAT1, SLC7A9/b 0,ϩ AT) transport L-arginine, L-lysine, L-histidine, and many neutral amino acids, such as L-leucine, L-methionine, and L-glutamine, and function as obligatory antiporters exchanging cationic for neutral substrates and Na ϩ (system y ϩ L) or neutral substrates alone (system b 0,ϩ ). The glycoprotein-associated amino acid transporters require interaction via a disulfide bridge with the type II membrane glycoprotein members of the solute carrier 3 (SLC3) gene family, namely, the heavy chains SLC3A1/rBAT (which interacts with SLC7A9/b 0,ϩ AT) and SLC3A2/4F2hc (which interacts with SLC7A6/y ϩ LAT2 and SLC7A7/ y ϩ LAT1). The glycoprotein does not play an active role in the actual amino acid transport function (32) but is necessary for trafficking of the glycoprotein-associated amino acid transporter to the plasma membrane. On the other side, Na ϩ -dependent transport of cationic amino acids is ascribed to a member of the solute carrier 6 (SLC6) gene family, namely, SLC6A14/ATB 0,ϩ , that carries many neutral as well as cationic amino acids in cotransport with Na ϩ and Cl Ϫ (system B 0,ϩ ) (20, 37) . Because of the complexity of the organ and the difficulty of accessing the follicular epithelium by conventional membrane transport methodologies, information regarding amino acid transport systems in the thyroid is scanty. Nevertheless, the thyroid gland produces a large amount of thyroglobulin (Tg), the major soluble protein of the thyroid, which is extracellularly stored and concentrated (up to 750 mg/ml) in the follicular lumen for future liberation of thyroid hormones. To our knowledge, the specific information available on the presence of membrane transport systems that mediate the transport of cationic amino acids in the thyroid is limited to Northern blot detection of SLC7A7/y ϩ LAT1 mRNA in mouse (31) and lack of detection of SLC6A14/ATB 0,ϩ mRNA in human tissue (37) . Therefore, as a contribution to understanding of cationic amino acid transport mechanisms in thyroid cells, we used L-arginine and L-cystine as substrates to study cationic amino acid transport in PC cell line clone 3 (PC Cl3 cells) (16) . This rat thyroid cell line represents a very popular model for in vitro studies on thyroid biology and, like other rat thyroid immortal untransformed cell lines (namely, FRTL-5 and WRT cells), it retains most of the typical features of a normal differentiated follicular thyroid cell, among which are thyrotropin (TSH) dependence for growth and functions and, at the molecular level, Na ϩ -I Ϫ symporter (NIS), Tg, and thyroperoxidase (TPO) expression (for recent reviews on in vitro rat thyroid cell systems see, e.g., Refs. 23 and 27) .
In the present paper, we provide evidence that y ϩ , y ϩ L, and b 0,ϩ transport activities and related SLC7A1/CAT-1, SLC7A2/ CAT-2B, SLC3A2/4F2hc, SLC7A7/y ϩ LAT1, SLC7A6/ y ϩ LAT2, SLC3A1/rBAT, and SLC7A9/b 0,ϩ AT mRNA transcripts are detectable in PC Cl3 cells, which represents the first description of an expression pattern of transport systems for cationic amino acids in a thyroid follicle-derived cell type, and evidence that such an expression pattern reflects that of the rat thyroid gland. In addition, as for many thyroid-specific activities required for thyroid hormone synthesis (including Tg synthesis, TPO expression, and I Ϫ uptake), we show that L-arginine uptake is responsive to TSH as a consequence of differential expression of some of the detected transport systems under TSH stimulation. Finally, we provide evidence that extracellular L-arginine is a crucial requirement for normal PC Cl3 cell growth and that its long-term deprivation influences the expression pattern of the transport systems for cationic amino acids. Cell culture. This study was performed with PC Cl3 cells, a rat thyroid epithelial (follicular) cell line derived from an 18-month-old normal Fischer rat (16) . Cells were routinely grown on 35-mmdiameter dishes in Coon's modified Ham's F-12 medium supplemented with calf serum (5%), L-glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 ng/ml), and a six-growth factor mixture consisting of insulin (1 g/ml), hydrocortisone (3.62 g/ml), transferrin (5 g/ml), L-glycyl-L-histidyl-L-lysine acetate (20 ng/ml), somatostatin (10 ng/ml), and TSH (1 mU/ml) (complete culture medium). The cells were maintained in a water-saturated atmosphere of 5% CO 2 and 95% air at 37°C and transferred to new dishes every 3-5 days. The complete culture medium was routinely changed every 2-3 days and always renewed 24 h before an experiment. When required for TSH dependence studies, cells were grown in complete culture medium, with the sole exception of TSH varying between 0 and 10 mU/ml.
MATERIALS AND METHODS

Materials
For L-arginine deprivation experiments, after complete cell attachment had been reached, cells were washed with PBS and incubated with either complete culture medium (normally containing 2.4 mM L-arginine) or medium lacking L-arginine. These media were prepared in accordance with published formulations, the appropriate amino acid being left out as required.
Uptake studies in PC Cl3 cells. For transport studies, cells were used 2-3 days after plating (80 -90% confluence) on 35-mm-diameter dishes. Growth medium was removed, and dishes were washed three times in 3 ml of choline medium (in mM: 137 choline chloride, 5.4 KCl, 2.8 CaCl 2, 1.2 MgSO4, 10 HEPES; pH 7.4 with Tris) prewarmed to 37°C. Choline was replaced by 137 mM NaCl (sodium medium) in those experiments in which sodium dependence was studied. Uptake media were prepared by adding the labeled amino acid [L- [2, 3, 
14 C]cystine (final concentration 0.16 Ci/ml)] to choline or sodium medium. When L-cystine was present, the uptake medium contained 5 mM diamide as an oxidizing agent. Uptake was started by the addition of 1 ml of uptake medium (at 37°C) to the plate and terminated by removing uptake medium from the plate and washing it five times in cold stop solution (in mM: 132 NaCl, 14 Tris, 5 L-arginine; pH 7.4 with HCl at 4°C). Uptake periods had been assessed previously for all concentrations studied (see, e.g., Fig. 1A for 0.2 mM L-arginine and Fig. 5A for 0.050 mM L-cystine). Consequently, the incubation times used never exceeded 30 s. Nonspecific binding was assessed by measuring zero-time uptake, which was achieved by adding the uptake medium and immediately removing it and stopping the uptake. Cell lysates were obtained by adding 1 ml of 0.5% Triton X-100 per dish; 150 l of this lysate were removed for scintillation counting in 4 ml of EcoLite ϩ scintillation fluid (ICN Biomedicals, High Wycombe, UK), and 25 l were used for protein determination according to the method of Lowry et al. (25) . The zero point was subtracted from the 30-s value, and uptake was expressed as picomoles per minute times milligram of protein. RT-PCR and Southern blotting. Total RNA was extracted from PC Cl3 cells, as well as from rat thyroid and control tissues, with the TRIzol reagent (Invitrogen, Carlsbad, CA). RNA samples (0.5 g) were subjected to RT-PCR with the GeneAmp RNA-PCR kit (Applied Biosystems, Foster City, CA) according to the manufacturer's protocol. Briefly, RT was performed for 12 min at 42°C in the presence of random hexamers, and the resulting cDNA was subjected to PCR with specific pairs of primers derived from rat or human sequences as reported in Table 2 . In all cases, final synthesis was performed at 72°C for 7 min. RT-PCR products were separated on a 1% agarose gel and stained with ethidium bromide. To assess their identity, RT-PCR products were cloned in pCRII-TOPO vector (TOPO TA Cloning System, Invitrogen), and recombinant plasmids were transformed into Escherichia coli cells (TOP10FЈ strain). The identity of each insert was confirmed by direct sequencing on the plasmids with M13 reverse and/or M13 forward primer.
For Southern blotting of the amplification products derived from PC Cl3 cells and control tissues (see Fig. 6A ), RT-PCR reaction products were subjected to electrophoresis in a 1% agarose gel and transferred by capillarity onto Hybond N ϩ nylon membranes (Amersham, Little Chalfont, UK) according to standard procedures (34) . Probes to detect 4F2hc, rBAT, b 0,ϩ AT, y ϩ LAT1, y ϩ LAT2, and CAT-1 were prepared starting from rat intestinal RNA, whereas probes to detect CAT-2A, CAT-2B and ATB 0,ϩ were prepared starting from rat liver, lung, and colon, respectively. In particular, for the preparation of probes that distinguished CAT-2A from CAT-2B, the following two pairs of rat-specific primers at the alternatively spliced region of CAT-2 were used: 5Ј-CCTTACCCCGCATTCT-GTTTG-3Ј (forward primer) and 5Ј-AAATGACCCCTGCAGT-CATCG-3Ј (reverse primer), which allowed amplification of a 115-bp CAT-2A-specific product, and 5Ј-CCCAATGCCTCGTGTA-ATCTA-3Ј (forward primer) and 5Ј-TGCCACTGCACCCGATGA-CAA-3Ј (reverse primer), which allowed amplification of a 121-bp CAT-2B-specific product. RT-PCR products were cloned in pCRII-TOPO vector and recombinant plasmids transformed as reported above. The identity of each insert was confirmed by sequencing. Routinely, inserts were excised by EcoRI digestion, separated from the vector on 1% agarose gel, and purified by Quantum Prep Freeze 'N Squeeze DNA gel extraction spin columns (Bio-Rad Laboratories, Hercules, CA). Inserts were labeled by random priming (Random Primers DNA Labeling System; Invitrogen) with [␣-
32 P]dCTP (1 ϫ 10 6 cpm/ml; Perkin-Elmer Life Sciences). Hybridization was visualized by autoradiography (Hyperfilm-␤max films; Amersham) with standard protocols.
Semiquantitative (relative-quantitative) RT-PCR. Total RNA was extracted from PC Cl3 cells grown under different experimental conditions [in the presence or absence of TSH (see Fig. 7C ) or in the presence or absence of extracellular L-arginine (see Fig. 8B )] with TRIzol reagent. To obtain cDNA, 1 g of total RNA was reverse transcribed for 1 h at 42°C with SuperScript II reverse transcriptase and random hexamers (Invitrogen) according to the manufacturer's protocol. One microliter of RT product was used to perform PCR with specific pairs of primers derived from rat sequences as reported in Table 2 . To perform amplification under relative-quantitative conditions, primers and competimers for 18S rRNA (QuantumRNA 18S Internal Standards, 324 bp; Ambion, Austin, TX) were added to the PCR mixture according to the manufacturer's protocol. For all genes tested, a ratio of 1:9 for 18S primer to competimer was used. The optimal cycle number was determined by pilot experiments as that in which reactions for the specific gene and 18S in control and test samples were in the linear range. For a given gene tested, all samples were assayed concomitantly, using aliquots of the same PCR mixture and cDNA derived from individual samples; in addition, PCR products were loaded in the same agarose gel. Relative-quantitative PCR amplifications were performed as follows: for CAT-1, 40 s at 95°C, 60 s at 58°C, 70 s at 72°C ( . In all cases, final synthesis was performed at 72°C for 7 min. Each semiquantitative RT-PCR experiment was repeated at least three times. RT-PCR products were separated on a 2% agarose gel and visualized with ethidium bromide with a Gel-Doc 2000 gel documentation system equipped with a charge-coupled device camera for real-time image capture (Bio-Rad Laboratories). Band intensities were 
quantified with Quantity One 4.1.1 software (Bio-Rad Laboratories). The identity of each amplified RT-PCR product was verified by sequence analysis after cloning in pCRII-TOPO vector as described above.
RESULTS
Basic transport of L-arginine in PC Cl3 cells.
The time course of L-arginine uptake by PC Cl3 cells is shown in Fig.  1A . Specific transport was recognizable immediately after the start of the incubation, and the amount of transported substrate was found to increase linearly at short incubation times. Equimolar substitution of sodium with choline in the uptake medium very slightly affected L-arginine uptake and only at longer incubation times, suggesting that L-arginine transport in PC Cl3 cells occurs virtually by sodium-independent mechanisms.
Kinetic analysis of L-arginine uptake, as measured in choline medium over a range of concentrations varying between 0.005 and 5 mM, is shown in Fig. 1B . L-Arginine transport was a complex phenomenon that could be described by the additive contributions of saturable process(es) and diffusion. The Woolf-Augustinsson-Hofstee transformation of the kinetic data in Fig. 1B is shown in the inset, where the saturable and diffusional components of the transport are graphically resolved. Together, these results suggest the occurrence at the plasma membranes of PC Cl3 cells of at least two saturable components as well as a diffusional component. To exclude the interference of the diffusional component, further kinetic experiments focusing on the saturable processes were always performed within a concentration range never exceeding 1 mM.
Competition assays were performed with a high concentration (5 mM) of selected amino acids as inhibitors of L-arginine uptake (Table 3) . L-Arginine uptake, as measured at two L-arginine concentrations (0.01 and 0.1 mM), was strongly inhibited by excess of the cationic amino acid L-lysine in both choline and sodium media. The neutral amino acids L-leucine, L-glutamine, and L-methionine also inhibited L-arginine uptake (L-leucine and L-glutamine Ͼ L-methionine), although their inhibitory effect was more relevant in the presence than in the absence of sodium and their level of inhibition never reached that obtained by L-lysine. L-Alanine, L-phenylalanine, and L-tryptophan weakly inhibited or did not exert any significant inhibitory effect on 0.1 mM L-arginine uptake, whereas they consistently inhibited 0.01 mM L-arginine uptake (L-tryptophan and L-phenylalanine Ͼ Ͼ L-alanine), mostly in the presence of sodium. The acidic amino acid L-glutamic acid was also able to inhibit L-arginine uptake in both the absence and the presence of sodium. 
Characterization of transport systems involved in L-arginine transport in PC Cl3 cells. N-ethylmaleimide (NEM) selectively inhibits system y
ϩ and thus can be used to discriminate the various mechanisms that mediate the uptake of cationic amino acids into cells (12) . NEM was added to the culture medium 5 min before the transport assay at concentrations varying between 0 and 0.8 mM, and its effect on L-arginine transport was assessed in the presence and the absence of sodium (Fig. 2) . L-Arginine uptake in PC Cl3 cells was only partially (Ͻ50%) inhibited by NEM in both experimental conditions. Inhibition by NEM was not further enhanced by prolongation of the treatment. Therefore, for further analyses throughout this study, NEM was always used for 5 min at a concentration of 0.4 mM. Figure 3 shows the kinetic analysis of L-arginine transport in PC Cl3 cells in the selected concentration range of 0.01-0.75 mM, as performed in choline medium and in the absence or presence of 0.4 mM NEM. For the sake of simplicity, total L-arginine transport (transport in the absence of NEM) and the NEM-resistant component (transport in NEM-treated cells) were initially accounted for and therefore treated as single systems (Fig. 3A) . Analogously, the NEM-sensitive component, obtained as the difference between total influx and NEM-resistant L-arginine uptake, was described as a single, saturable process (Fig. 3A) . The Woolf-Augustinsson-Hofstee transformations of the saturable processes described in Fig. 3A are shown in Fig. 3B . With respect to the NEM-resistant component, the NEM-sensitive component exhibited a higher affinity (K m ϭ 0.040 Ϯ 0.011 vs. 0.084 Ϯ 0.004 mM) and a lower maximal velocity (J max ϭ 53.90 Ϯ 6.50 vs. 144.90 Ϯ 4.10 pmol⅐ min Ϫ1 ⅐ mg protein Ϫ1 ). A theoretical analysis was also performed with the a priori assumption that multiple transport systems are involved in total, NEM-resistant, and NEM-sensitive L-arginine transport (Fig. 3B) . The theoretical kinetic parameters calculated under this assumption are reported in Fig. 3B for specific experiments, whereas overall K m calculations from three independent experiments are summarized in Table 4 . Table 4 also provides K m values for total carrier-mediated L-arginine transport obtained from three independent experiments performed under the experimental scheme in Fig. 1B and a comparison with the K m values of various mammalian cloned and expressed transporters acting in a Na ϩ -independent manner for the transport of cationic amino acids. Although highly limited by the low number of determinations (7 L-arginine concentrations ranging from 0.1 to 0.75 mM) and by the difficulty in discriminating and assigning K m and J max values to amino acid transport systems that operate with similar substrate affinities and/or maximal velocities (7, 8, 13) , these results suggest that multiple high-affinity transport pathways for L-arginine transport, namely y ϩ system(s) on one side, and y ϩ L and/or b 0,ϩ system(s) on the other side, might operate in PC Cl3 cells.
To further characterize the transport systems that mediate L-arginine transport in PC Cl3 cells, the effects of high concentrations (5 mM) of L-lysine and L-leucine on L-arginine uptake were evaluated in NEM-treated and untreated cells in both sodium and choline media (Fig. 4A) . In both the presence and the absence of sodium, L-lysine completely inhibited L-arginine uptake in NEM-treated and untreated cells. In the presence of sodium, L-leucine strongly reduced L-arginine uptake in untreated cells while completely abolishing L-arginine uptake in NEM-treated cells, thus delineating the possible involvement of y ϩ L in addition to y ϩ transport activity. To better define the effect of sodium on the inhibition of L-arginine transport by neutral amino acids, the uptake of L-arginine (0.01 mM) was measured in the presence or absence of sodium and in the presence of increasing concentrations (up to 2 mM) of L-leucine (Fig. 4B) . L-Leucine inhibited L-arginine influx in both the absence and the presence of sodium, but its inhibitory effect was much stronger in its presence than in its absence, as assessed by the significant (P Ͻ 0.001) reduction of the . Kinetic parameters for total, NEM-resistant, and NEM-sensitive transport after multiplecomponent analysis ( 4B ). Under our experimental conditions, i.e., L-arginine uptake concentration (0.01 mM) much lower (at least 1/10th) than the K m value of L-arginine carrier-mediated transport (ϳ0.1 mM; see data relative to the NEM-resistant transport in Table 4 ), it can be assumed that the [I] 0.5 of L-leucine equals the inhibition constant (K i ) (13) . These results clearly suggest that sodium increases the affinity of L-leucine, which is consistent with the expression of y ϩ L transport activity in PC Cl3 cells. To assess the existence of a b 0,ϩ transport activity, we performed L-cystine uptake in both the presence and the absence of sodium (Fig. 5) . The time course of 0.050 mM L-cystine uptake by PC Cl3 cells is shown in Fig. 5A . Substitution in the uptake medium of sodium with choline at equimolar concentration did not significantly affect L-cystine uptake, indicating that transport was independent of extracellular sodium. Furthermore, L-cystine uptake was inhibited by high concentrations (5 mM) of L-leucine and L-arginine, which strongly suggests the existence of a b 0,ϩ system operating at the plasma membranes of PC Cl3 cells (Fig. 5B) . Also, glutamic acid slightly, although not significantly (P Ͼ 0.05), inhibited L-cystine uptake, thus keeping open the hypothesis of the possible presence in PC Cl3 cells of cystine/glutamate exchange activity by the x c Ϫ system (see, e.g., Refs. 42 and 44). Together, these results suggest that y ϩ , y Km values of L-arginine transport in PC Cl3 cells were calculated as detailed elsewhere (7, 8, 13) and are means Ϯ SE of 3 independent determinations. a See Fig. 1B for the experimental scheme. b See Fig. 3 for the experimental scheme. When possible, 3 components were assumed to operate in the theoretical multiple-component analysis. Compiled Km values on the right represent a summary of data that refer to different substrates whose transport has been assayed in different mammalian cell types and/or by expression of the cloned transporters in various heterologous systems. Whenever available, examples of Km values for L-arginine transport as measured in rat cell types or obtained after expression of the rat cloned transporters in heterologous systems have been reported in parentheses.
c Overall Km values reported for the mammalian transport systems (26) . *Note that some discrepancies may be observed when comparing the overall Km values reported and the Km values for L-arginine transport. For instance, in the case of the human y ϩ LAT1 and y ϩ LAT2 transporters, Km values of 0.045 mM (40) and 0.120 -0.138 mM (3), respectively, have been reported.
d RNase protection assay on RNA from rat cerebral microvessels to assess the presence of the transporter; transport assayed by in situ brain perfusion (39) .
e RNase protection assay on RNA from rat cardiac ventricular myocytes to assess the presence of the transporter; transport assayed in ventricular myocytes (36) .
f Amplification by RT-PCR of a (partial) clone from rat astroglial RNA to assess the presence of the transporter; transport assayed in rat astroglial cell cultures (38) .
g Clone from a rat brain cDNA library expressed in COS-7 cells for transport (21) . h Clone from a rat kidney cDNA library expressed in COS-7 cells for transport (5) . 
Gene expression analysis of transport systems potentially involved in L-
LAT1-and y
ϩ LAT2-derived specific primers allowed identification of both SLC7A6, which encodes for the y ϩ L-related light chain y ϩ LAT2, and SLC7A7, which encodes for the y ϩ L-related light chain y ϩ LAT1 (Fig. 6B ). All amplification products obtained from PC Cl3 cells were subcloned and sequenced to confirm their identity (data not shown). In our screening, we also tested PC Cl3 cell RNA for the lowaffinity splicing variant of SLC7A2, which encodes for CAT-2A, and for SLC6A14, which encodes for ATB 0,ϩ , using rat-derived specific primers for each transporter. However, in both cases no amplification product was obtained (Fig. 6A) . These results are in close agreement with the kinetic data and suggest that at least five transport entities, namely CAT1, CAT-2B, y ϩ LAT1/4F2hc, y ϩ LAT2/4F2hc, and b 0,ϩ AT/rBAT, may operate in PC Cl3 cells.
A similar expression analysis performed on rat thyroid gland by RT-PCR assay allowed detection of SLC7A1/ CAT-1, SLC7A2/CAT-2A, SLC7A2/CAT-2B, SLC3A2/ 4F2hc, SLC7A7/y ϩ LAT1, SLC7A6/y ϩ LAT2, SLC3A1/ rBAT, SLC7A9/b 0,ϩ AT, and SLC6A14/ATB 0,ϩ (Fig. 6C ). Here also, all amplification products obtained from the rat thyroid gland were subcloned and sequenced to confirm their identity (data not shown).
Effect of TSH on L-arginine uptake and expression of transport systems for cationic amino acids. Like many thyroidspecific activities required for thyroid hormone synthesis (including Tg synthesis, TPO expression, and I Ϫ uptake), L-arginine uptake in PC Cl3 cells was responsive to TSH. In fact, L-arginine uptake increased in a dose-dependent manner after 48-h incubation of the cells with increasing extracellular concentrations (0 -10 mU/ml) of TSH (Fig. 7A) . Equimolar substitution of sodium with choline in the uptake medium only very slightly (although not significantly; P Ͼ 0.05 for each tested TSH concentration) affected L-arginine uptake (Fig. 7A) .
In the absence of TSH from the extracellular medium, the increase of L-arginine uptake was mimicked by 48-h incubation of the cells with the cAMP analog 8-bromoadenosine 3Ј,5Ј-cyclic monophosphate (8-BrcAMP; 1 mM) or with the adenylate cyclase activator forskolin (1 M) (Fig. 7B) , thus suggesting the involvement of the cAMP-dependent pathway in the activation of L-arginine transport. Interestingly, L-arginine uptake increased in both NEM-treated and untreated cells, which is strongly indicative that both NEM-sensitive and NEMresistant transport systems may be targets of the activation process observed (Fig. 7B) . Again, substitution of sodium with choline in the uptake medium did not significantly (P Ͼ 0.05) affect L-arginine uptake (Fig. 7B) .
Semiquantitative (relative-quantitative) RT-PCR analysis was performed to examine the expression of CAT-1, CAT-2A, CAT-2B, 4F2hc, y ϩ LAT1, y ϩ LAT2, rBAT, b 0,ϩ AT, and ATB 0,ϩ mRNA in PC Cl3 cells grown for 48 h either in the absence of TSH or in the presence of TSH 1 mU/ml (Fig. 7C) . The QuantumRNA 18S internal standards were used as an internal control, resulting in a PCR product of 324 bp (Fig.  7C) . A significant upregulation of the mRNA levels of CAT-1 [CAT-1-to-18S ratio (ϪTSH) ϭ 1.24 Ϯ 0.11, CAT-1-to-18S ratio (ϩTSH) ϭ 2.61 Ϯ 0.15; no. of determinations (n) ϭ 3; P Ͻ 0.01], CAT-2B [CAT-2B-to-18S ratio (ϪTSH) ϭ 0.25 Ϯ 0.01, CAT-2B-to-18S ratio (ϩTSH) ϭ 0.43 Ϯ 0.02; n ϭ 3; P Ͻ 0.05], 4F2hc [4F2hc-to-18S ratio (ϪTSH) ϭ 0.87 Ϯ 0.09, 4F2hc-to-18S ratio (ϩTSH) ϭ 1.63 Ϯ 0.11; n ϭ 3; P Ͻ 0.01], Effect of long-term L-arginine deprivation on PC Cl3 cell growth and on expression of the transport systems for cationic amino acids. The growth curve for PC Cl3 cells in the presence and absence of L-arginine is shown in Fig. 8A . At day 1, cells grown in normal culture medium (normally containing 2.4 mM L-arginine) were split into two 70,000-cell aliquots and grown for 7 days in normal culture medium or in a culture medium without 2.4 mM L-arginine. The absence of L-arginine from the culture medium resulted in a dramatic reduction of cell number (ϳ6-fold at day 8), thus suggesting that extracellular supplementation of L-arginine is an important requirement for this thyroid cell line for Table 2 ). H2O indicates no RNA in reverse transcription (negative control). Southern blot was resolved with probes specific for the single transporters. B: discrimination between y ϩ LAT transporters in PC Cl3 cells. To ascertain the presence of y ϩ LAT1 and/or y ϩ LAT2 transporters, specific primers designed on the sequence of rat y ϩ LAT1 and y ϩ LAT2 were used. H2O indicates no RNA in reverse transcription (negative control). Markers are 1-kb DNA ladder (Invitrogen). C: expression of amino acid transporters in rat thyroid gland. RT-PCR was performed on equal amounts of total RNA (0.5 g) isolated from rat thyroid and control tissues with specific pairs of primers designed on the nucleotide sequences of rat transporters. H2O indicates no RNA in reverse transcription (negative control). For details, see MATERIALS AND METHODS and Table 2. normal growth, even in the presence of the six-hormone and/or growth factor mixture.
Semiquantitative (relative-quantitative) RT-PCR was used to examine the expression of CAT-1, CAT-2A, CAT-2B, 4F2hc, y AT, and ATB 0,ϩ expression. RT-PCR was performed on equal amounts of total RNA (1 g) isolated from PC Cl3 cells grown for 48 h either in complete culture medium containing 1 mU/ml TSH (ϩ) or in complete culture medium lacking TSH (Ϫ) in the presence of specific pairs of primers designed on the nucleotide sequences of rat transporters and a 1-to-9 ratio 18S primercompetimer mix (for details, see MATERIALS AND METHODS and Table 2 
DISCUSSION
In the present study we report uptake, RT-PCR, and Southern blot analysis data supporting the concept that multiple transport systems for cationic amino acids are present at the plasma membranes of rat thyroid PC Cl3 cells. In particular, we demonstrate that cationic amino acid transport occurs by activity of y ϩ , y (Figs. 6, A and B, 7C , and 8B). PC Cl3 are highly differentiated thyroid cells that express Tg, TPO, NIS, and TSH receptors (23, 27) . They are considered unpolarized cells in that they have lost the capacity to form monolayers and/or to develop tight junctions in culture. However, our results indicate that both "basolateral" (CAT-1, CAT-2B, 4F2hc/y ϩ LAT1, 4F2hc/y ϩ LAT2) and "apical" (rBAT/b 0,ϩ AT) transporters may coexist in PC Cl3 plasma membranes. Similarly, FRTL-5 cells (also unpolarized but highly differentiated rat thyroid epithelial cells; for details see Ref. 23 ) seem to express the same pattern of cationic amino acid transporters as PC Cl3 cells (C. Dimitri, unpublished observations), which suggests that such equipment might be common to thyroid follicule-derived cells. Results obtained in the rat thyroid epithelial cell model are confirmed and corroborated by the RT-PCR analysis performed on total RNA isolated from the thyroid gland, which gave for the whole organ in the rat an expression profile similar to that described in PC Cl3 cells (Fig.  6C) . However, in addition to CAT-1, CAT-2B, 4F2hc, y ϩ LAT1, y ϩ LAT2, rBAT, and b 0,ϩ AT, the rat thyroid gland expresses both CAT-2A and ATB 0,ϩ transcripts. This finding is not surprising if we consider the complexity of the thyroid gland (with its epithelial follicles, blood vessels, lymphatics, innervation, C cells, accessory cells, etc.) in combination with the relatively small size of the organ in the rat (ϳ5 mm) and the contiguity of other satellite tissues and organs, such as the parathyroid glands (which in the rat are embedded in the dorsal surface of the thyroid gland), the salivary glands, and the 0,ϩ AT, and ATB 0,ϩ expression. RT-PCR was performed on equal amounts of total RNA (1 g) isolated from PC Cl3 cells grown for 7 days either in complete culture medium containing 2.4 mM L-arginine (ϩ) or in complete culture medium lacking L-arginine (Ϫ) in the presence of specific pairs of primers designed on the nucleotide sequences of rat transporters and a 1-to-9 ratio 18S primer-competimer mix (for details, see MATERIALS AND METH-ODS and Table 2 ).
trachea. For instance, CAT-2A is expressed in many different tissues and cell types (13) , including fibroblasts (11), whereas ATB 0,ϩ is expressed in the trachea and salivary glands (37) as well as in endothelial cells (although to a low extent; Refs. 24, 26) . Therefore, heterogeneity in the composition and possible contamination of the rat thyroid total RNA preparation might explain the differences between epithelial cells in culture and in the whole organ on one side and the discrepancy with respect to the lack of detection of ATB 0,ϩ by Northern blotting in human thyroid (37) on the other. At the moment, it is difficult to address the physiological relevance of the transport systems found in both PC Cl3 cells and thyroid gland in the context of epithelial thyroid cell functions. However, the fact that epithelial thyroid cells are endowed with uptake and release systems for cationic amino acids resembling those that allow epithelial cells of kidney proximal tubule and small intestine to perform both basic cellular functions and transepithelial (vectorial) transport of cationic and neutral amino acids (see, e.g., Refs. 42 and 44) makes it possible to hypothesize the involvement of such transporters in the blood-to-lumen and/or lumen-to-blood movement of amino acids at the thyroid follicular level, possibly functional in Tg (colloid) synthesis and/or degradation. The identification in thyroid folliculederived cells as well as in the thyroid gland of membrane transporters that are involved in type I (rBAT) and non-type I (b 0,ϩ AT) cystinuria and lysinuric protein intolerance (LPI; y ϩ LAT1) (see, e.g., Ref. 6) also raises an intriguing question regarding the possible effects of such genetic defects at the thyroid level. To our knowledge, no information is available in the literature regarding the status of thyroid in cystinuric and LPI patients. However, the recent availability of mouse models for type I (SLC3A1-deficient mice; Ref. Table  3 ) and lack of RT-PCR amplification products (even up to 50 cycles of amplification) using ATB 0,ϩ -specific primers (see Figs. 6A, 7C, and 8B). On the other hand, the notion that y ϩ , y ϩ L, and b 0,ϩ transport systems may jointly operate in PC Cl3 cells is mainly supported by 1) the inhibitory effect of NEM on L-arginine transport and kinetics (Figs. 2 and 3) , which allowed discrimination between cationic amino acid uniporters and cationic/neutral amino acid antiporters; 2) the inhibitory effect of L-leucine and other neutral amino acids (such as L-glutamine and L-methionine) on L-arginine transport in the presence of sodium (Fig. 4 and Table 3 ), which suggested y ϩ L transport activity; and 3) the analysis of L-cystine uptake and inhibition pattern (Fig. 5) , which allowed discrimination of b 0,ϩ with respect to y ϩ L transport activity, L-cystine being a specific substrate for the b 0,ϩ system only. As assessed by molecular analysis (Figs. 6A, 7C , and 8B) and observed multiplicity of the NEM-sensitive component of L-arginine transport (Fig. 3B and Table 4 ), y ϩ transport activity should be sustained by CAT-1 and CAT-2B. Furthermore, y ϩ L transport activity might be sustained by both y ϩ LAT1 and y ϩ LAT2 transporters, as supported by both molecular analysis (Figs. 6B, 7C , and 8B) and study of the inhibitory effect of neutral and acidic amino acids on L-arginine transport (Fig. 4 and Table 3 ). In particular, we observe that certain neutral amino acids, including L-leucine, L-glutamine and L-methionine, largely inhibit L-arginine transport in the presence of sodium, although their inhibitory effect is also exerted in the absence of sodium, but at a lower extent. In addition, we show that L-glutamic acid significantly inhibits L-arginine transport in the presence of sodium, although to a lower extent with respect to the above-mentioned neutral amino acids, and that a similar inhibition is also provided in the absence of sodium (Table 3) . Because inhibition of L-arginine transport by L-glutamic acid in both the presence and the absence of sodium is a hallmark feature of the y ϩ LAT2 transporter (3, 44) , our results suggest that in addition to y ϩ LAT1, y ϩ L transport activity in PC Cl3 cells is due in part to y ϩ LAT2. That this holds true is further supported by the finding that L-tryptophan also exerts inhibition on L-arginine transport in both the presence and the absence of sodium (with a very strong effect observed on 0.01 mM L-arginine uptake; Table 3 ), another peculiarity described for y ϩ LAT2 (3). Interestingly, y ϩ LAT1 mRNA has also been reported to be present in mouse thyroid tissue, although at low levels with respect to small intestinal and kidney tissues (31) . AT (ϳ37 cycles), and CAT-2B (ϳ41 cycles), the last invariably being the least-represented transcript amplified from the PC Cl3 total RNA pool.
TSH plays an important role in thyroid growth and differentiation, and several thyroid-specific genes and differentiation markers (such as Tg, TPO, NIS, and TSH receptor) and thyroid-specific transcription factors [such as thyroid transcription factor (TTF)-1, TTF-2, and Pax-8] are regulated by TSH and/or cAMP via PKA, the most important signaling pathway in the control of thyroid growth and function (23, 27) . In the present study, we showed that in PC Cl3 cells, increasing TSH concentration in the extracellular medium results in increasing L-arginine transport (Fig. 7A ) and that this effect is mimicked by 8-BrcAMP and forskolin (Fig. 7B) . Interestingly, as found by semiquantitative RT-PCR analysis, TSH stimulation results in a significant upregulation of the mRNA levels of CAT-1, CAT-2B, 4F2hc/y ϩ LAT1, and rBAT/b 0,ϩ AT but does not involve y ϩ LAT2, CAT-2A, and ATB 0,ϩ , which supports the notion that only some of the transport proteins that mediate the movement of cationic amino acids across the plasma membranes of thyroid cells share the same TSH and/or cAMP hormonal control and/or regulation with thyroid-specific proteins.
To our knowledge, the present study represents the first attempt to characterize the pattern of L-arginine transporters in a thyroid follicular cell. Identification of such a pattern is an important step in assessing the status of L-arginine transport in the context of many physiological functions that are exerted by follicular cells and that involve L-arginine itself or L-arginine-derived products. In this respect, we assessed the effect of long-term L-arginine deprivation on PC Cl3 cell growth. As shown in Fig. 8A , PC Cl3 cells dramatically reduce their growth in the absence of external L-arginine. Interestingly, a significant reduction of CAT-2B transcripts is concomitantly observed in the total RNA pool of the cells deprived of L-arginine for 7 days (Fig. 8B) , which suggests a role of CAT-2B in the cellular adaptive response to long-term amino acid starvation. That L-arginine supplementation is crucial for normal growth of PC Cl3 cells is in agreement with studies conducted on many "normal" cell lines (such as fibroblast, kidney epithelial, and lung cell lines) (35, 46) that have shown how these cells reach and maintain a condition of quasi-quiescence for several days in the absence of L-arginine supplementation. Under the same experimental treatment, HeLa cells and many other "transformed" or "malignant" cultured cell lines die within 1-3 days (35, 46) , suggesting L-arginine deprivation as a nongenotoxic method for selective treatment of cancer cells. In this context, it must be emphasized that the "normal and differentiated" PC Cl3 cells have been transformed by various oncogenes to obtain "undifferentiated" (PC E1A, PC v-raf) and "transformed" (PC Py, PC E1A v-raf, PC E1A Py) thyroid cell lines, which together represent a well-validated in vitro model of multistep thyroid tumorigenesis (2, 14, 16, 41) . This model might be very useful for assessing the effect of L-arginine on cell growth and function during the various phases of thyroid tumor progression. In addition, the positive correlation existing between extracellular L-arginine levels and CAT-2B expression suggests that L-arginine supplementation via CAT-2B might play a relevant role in regulating NO biosynthesis in thyroid cells, thus regulating many thyrocyte functions. In fact, at the thyroid level, NO produced by follicular cells seems to exert autocrine or paracrine actions in follicular cell proliferation and expression of growth and vasoactive factors and to play a highly relevant role in regulating the dynamics of the microvascular bed around active follicles, in both physiological and pathological conditions (see, e.g., Refs. 10, [17] [18] [19] . Also, proinflammatory cytokines, such as interleukin-1 and interferon-␥, have been demonstrated to increase NO production in thyrocytes (22) , suggesting a role for L-arginine availability in the inflammatory pathology of the thyroid.
In summary, we have shown that y ϩ , y ϩ L, and b 0,ϩ transport activities and related SLC7A1/CAT-1, SLC7A2/ CAT-2B, SLC3A2/4F2hc, SLC7A7/y ϩ LAT1, SLC7A6/ y ϩ LAT2, SLC3A1/rBAT, and SLC7A9/b 0,ϩ AT mRNA transcripts are present in rat thyroid PC Cl3 cells and that such a profile can be extended to the rat thyroid gland. In addition, we have provided evidence that L-arginine uptake is controlled by TSH as upregulation of CAT-1, CAT-2B, 4F2hc/y ϩ LAT1, and rBAT/b 0,ϩ AT occurs at the mRNA level under TSH stimulation. Finally, we provide evidence that extracellular L-arginine is a crucial requirement for normal PC Cl3 cell growth and that long-term L-arginine deprivation negatively influences CAT-2B expression, as it correlates to reduction of CAT-2B mRNA levels.
